ZnO/ZnS x Se 12x /ZnSe double-shelled coaxial heterostructure: Enhanced photoelectrochemical performance and its optical properties study Semiconductor nanowires have been demonstrated to be a highly promising material system for photoelectrochemical (PEC) cell and photovoltaic applications due to their intrinsic optical and electrical properties. [1] [2] [3] [4] [5] [6] [7] Coaxial core/shell nanostructures with type II band alignment, in which the excited electrons and holes can be spatially separated into nanowire core and the surrounded layers, are of particular interest. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Due to longer carrier lifetime, higher electronic mobility, and ease of synthesis relative to other metal oxides, ZnO nanowires were extensively investigated for PEC cell applications as the core nanowires. 5 In this regard, a series of binary or ternary semiconductor shells with narrow bandgaps, such as CdS, In 2 S 3 , CdTe, ZnS Zn x Cd 1Àx Se, CdS x Se 1Àx , and so forth, were used to coat ZnO nanowire core, forming the core/shell nanostructures. [18] [19] [20] [21] [22] [23] [24] Compared with single shell nanostructure, doubleshelled nanostructures 25 rarely reported previously are expected to further improve PEC properties for the reasons that (1) the second shell with narrower bandgap will enhance the absorption of sunlight, especially visible light. (2) The shell/shell interface with type II band alignment provides additional space to improve the charge separation and collection efficiency. (3) The second shell can effectively reduce the non-radiative recombination of the electrons in the core and first shell with electrolyte. However, the fundamental interface-related aspects of core/shell/shell including the dynamics of excited carrier, dissociation, and transfer of the excited electrons across the junction are still not well understood.
Here in this letter, we demonstrate the synthesis of ZnO/ ZnS x Se 1Àx /ZnSe core/shell/shell nanowires via a three-step chemical vapor deposition (CVD) method and the step-by-step enhancement of photocurrents by using the pristine ZnO, ZnO/ZnS x Se 1Àx core/shell, and ZnO/ZnS x Se 1Àx /ZnSe doubleshelled nanowires as the photoelectrodes in PEC measurements. The optical properties of the nanowires, especially the photoexcited carrier dynamics on the interface, are systematically investigated by employing photoluminescence (PL) and time-resolved PL (TR-PL) spectroscopies under various conditions, including room temperature (RT), low temperature, and different excitation laser power densities. The results distinctly reveal that the band alignment significantly promotes light absorption, and this double-shelled coaxial heterostructures effectively increase charge separation efficiency and carrier life-time at the core/shell junction. Our findings not only open an avenue for synthesis sophisticated core/shell nanowires but also pave a way towards improving PEC properties in nanostructures.
The type II band aligned ZnO/ZnS x Se 1Àx /ZnSe doubleshelled nanowires are prepared via a three-step CVD method. Briefly, ZnO nanowires were directly grown on a heavily doped n-type silicon substrate, and then ZnS x Se 1Àx and ZnSe shells were consequently deposited on the pregrown ZnO nanowire as the double shells. More growth details can be found in our previous work. 26 The composition of medium layer ZnS x Se 1Àx can be continuously tuned through changing the ratio of ZnS and ZnSe sources in the CVD process.
The morphology and microstructures of the as-prepared ZnO/ZnS x Se 1Àx /ZnSe core-shell nanowires were examined using Hitachi S-4800 field-emission scanning electron microscopy (FE-SEM) and FEI Tecnai F20 transmission electron microscopy (TEM). The PEC measurements of the ZnO/ZnS x Se 1Àx /ZnSe double-shelled photoelectrodes were carried out using an electrochemical system (CHI650D) equipped with a conventional three-electrode system in a home-made quartz reactor (5 cm Â 5 cm Â 14 cm). ZnO/ ZnS x Se 1Àx /ZnSe photoelectrodes served as the working electrode, a Pt wire as the counter electrode, and saturated calomel electrode (SCE) as the reference electrode. photocurrents with light on and off were measured in electrolytes containing 0.1 M Na 2 SO 4 at 0.0 V versus SCE. UV light (k ¼ 254 nm) and visible light (k > 420 nm) were used as the light sources with the intensity of 714 lW/cm 2 and 377 mW/ cm 2 , respectively. Visible irradiation was obtained from a 500 W xenon lamp (Beijing China Education Au-light Co. Ltd.) with a 420 nm cutoff filter.
PL measurement of the ZnO/ZnS x Se 1Àx /ZnSe doubleshelled nanowires was also performed to systematically study the optical properties. The samples studied were excited by a 325 nm He-Cd laser (Kimmon, ik3301R-G). The specimens were placed inside the low vibration cryostat (ARS.inc). PL signals were dispersed by a 550 mm spectrometer (HORIBA Jobin Yvon) and detected by a Si-CCD cooled by liquid nitrogen. For TR-PL measurement, the fluorescence kinetics at RT was measured using a picosecond time-resolved fluorescence apparatus, which has been described in detail elsewhere. 27 Briefly, the excitation laser pulses (350 nm) were supplied by an optical parametric amplifier (OPA-800CF, Spectra Physics), which was pumped by a regenerative amplifier (Spitfire, Spectra Physics). The excitation pulse, which was $100 nJ/pulse at a pulse repetition rate of 1 kHz, was focused onto a spot of 0.5 mm in diameter. Photoluminescence collected with the 90 geometry was dispersed by a polychromator (250is, Chromex) and collected with a photon-counting type streak camera (C5680, Hamamatsu Photonics). The data detected by digital camera (C4742-95, Hamamatsu) were routinely transferred to the PC for analysis with HPDTA software. The temporal resolution was approximately 10 ps. Fig. 1 (a) shows a typical SEM image of pre-grown ZnO nanowires on a heavily doped n-type silicon wafer. The diameter of the ZnO nanowires is in the 30-150 nm range and the length up to $10 lm. ZnS x Se 1Àx and ZnSe were consequently deposited on the as-grown ZnO nanowires via twostep CVD processes, forming ZnO/ZnS x Se 1Àx /ZnSe doubleshelled nanowires. Fig. 1(b Fig. 1(c) , it is clear to see ZnO core has a distinct contrast to ZnS x Se 1Àx shell. Furthermore, the x-ray energy-dispersive spectrum (EDS) acquired from ZnO/ZnS x Se 1Àx nanowire indicates S and Se peaks with an approximate atomic ratio of 1:3, as shown in the inset of Fig. 1(c) . There are clear interface among the ZnO core, ZnS x Se 1Àx , and ZnSe shells, as shown in Fig. 1(d) . The thickness of ZnO core, ZnS x Se 1Àx , and ZnSe shells is approximate 32 nm, 10 nm, and 27 nm, respectively. These results demonstrate our three-step CVD process is an effective method to construct ZnO/ZnS x Se 1Àx /ZnSe double-shelled nanostructures.
To investigate the photoresponse characteristics of the samples, PEC measurements were taken under both ultraviolet (UV) light (k ¼ 254 nm) and visible light (k > 420 nm), using pristine ZnO, ZnO/ZnS x Se 1Àx , and ZnO/ZnS x Se 1Àx /ZnSe nanowires as the photoelectrodes, respectively. To eliminate possible artifacts from electrical measurements and the preparation of samples, all measurements were taken in electrolytes containing 0.1 M Na 2 SO 4 at 0 V versus SCE and the same ZnO substrate was used. , respectively. The great improvement to the absorption of visible light is attributed to deposition of alloy shells on ZnO nanowire core, i.e., the shells extend the absorption of photoelectrodes to visible region. In addition, more important is that the photocurrent is enhanced step-by-step from pristine ZnO, ZnO/ZnS x Se 1Àx core/shell to ZnO/ZnS x Se 1Àx /ZnSe double-shelled photoelectrodes.
To provide direct insight into the photon-generated carriers' dynamics of the core/shell structure, systematic PL and TR-PL experiments were performed under RT, low temperature, and different excitation laser power density, respectively. Fig. 3(a) shows the PL spectra of the ZnO/ ZnS x Se 1Àx /ZnSe double-shelled and the ZnO/ZnS x Se 1Àx core/shell nanowires at 25 K and RT. The peak at 3.29 eV originates from the radiative recombination in the ground state of ZnO. 28 For the peaks between 3.03 eV and 2.85 eV, because the peak energy is between the band energy of ZnS and ZnSe, 29 they can be attributed to the band emission of ZnS x Se 1Àx . Moreover, the sulfur ratio x of the ZnS x Se 1Àx in ZnO/ZnS x Se 1Àx /ZnSe nanowires deduced from the peak energy of the PL spectra at RT (2.85 eV, green line in Fig.  3(a) ) is about $25%, 26, 30 which is consistent with our EDS results in the inset of Fig. 1(c) . Compared with the low temperature PL, the ZnS x Se 1Àx emission at RT is weaker and red-shift; these are typical semiconductor characteristics that are caused by the phonon related irradiative recombination and the temperature dependence of the band gap. In addition, compared with the single shelled ZnO/ZnS x Se 1Àx nanowire, the ZnS x Se 1Àx shell emission in ZnO/ZnS x Se 1Àx /ZnSe double-shelled nanowire generates a little red-shift. This may be related to the increase of Se content in ZnS x Se 1Àx shell when ZnO/ZnS x Se 1Àx nanowire was coated by ZnSe shell.
Another strong wide peak centered at around 2.38 eV in Fig. 3(a) is generally assigned to the defect related green luminescence band of ZnO.
28 Surprisingly, however, the power dependent PL at 25 K of ZnO/ZnS x Se 1Àx /ZnSe nanowire, as shown in Fig. 4 , reveals that the recombination of the spatially separated electron hole (e-h) pairs (electrons in ZnO, holes in ZnS x Se 1Àx ) in this double-shelled coaxial heterostructures dominates the 2.38 eV peak, [29] [30] [31] [32] [33] although the defect related green luminescence of ZnO cannot be ruled out completely. In detail, from Fig. 4(b) , the magnified part from 2.25 eV to 2.50 eV of Fig. 4(a) , a strong blue shift up to 44 meV of the PL peak energy was found from 0.017 mW to 1.7 mW excitation power. Such behavior complies with linear dependence on the cubic root of excitation power (P), which can be described by 34 
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where DE c is the blue-shift caused by the build-in electric field and a is the coefficient related with the following three factors, photon to electron conversion efficiency, capture rates of triangle well, and radiative recombination rate. In our experiments, the strong blue shift shows linear dependence to P 1/3 , shown in the inset of Fig. 4(b) . This phenomenon is the typical feature of type II band structure which can be attributed to the band bending effect. 35 The Coulomb interaction between spatially separated electrons and holes results in the appearance of a strong build-in electric field at the interface between ZnO and ZnS x Se 1Àx , which in turn gives rise to the bending of the valence and conduction band and forms triangle potential wells near the interface. With the increase of pump power, the band bending effect becomes more pronounced, and the accumulated electrons and holes will be confined in a narrower potential well. Therefore, the energy of the exciton increases, and the blueshift appears.
The intensity of the 2.38 eV peak in ZnO/ZnS x Se 1Àx / ZnSe is stronger than that in ZnO/ZnS x Se 1Àx either at RT or 25 K. The reason can be attributed to the fact that the additional ZnSe layer decreases the non-radiative recombination centers in ZnO/ZnS x Se 1Àx , 36 especially the surface of ZnS x Se 1Àx . This in turn implies that our double shelled structure has potential advantages than ZnO/ZnS x Se 1Àx in device applications. In addition, an obvious shoulder peak around 2.81 eV at 1% excitation power (black line in Fig. 4(a) ) is found at 25 K. The peak energy agrees with the ZnSe exciton energy at low temperature. 29 However, the peak does not appear at RT or at ! 10% power intensity at 25 K. This might be due to the transfer of electrons from ZnSe to ZnS x Se 1Àx , which can be caused by electron thermal activation at RT because of their similar conduction band minimum. Fig. 4(c) is the magnified part of PL spectra from energy 2.85 to 3.1 eV in Fig. 4(a) . The blue shift of 2.95 eV peak under different excitation power is much smaller than that of 2.38 eV, which confirms the assignment to the inter-band emission of ZnS x Se 1Àx layer. This small blue shift (less than 9 meV) can be attributed to the state filling effect, that is, with the increase of excitation power, electrons and holes occupied by nanowire may occupy the higher energy state for the Pauli's exclusion principle. In type II structure, besides the band bending effect, the state filling effect and the Coulomb repulsion can result in the blue shift of PL. 37 However, for our nanowire, the confinement along the growth direction is very weak. Therefore, the energy state density is high, and the blue shift caused by the state filling effect is small. It is worth to note that both type I and type II emissions can be observed simultaneously in ZnO/ ZnS x Se 1Àx /ZnSe double-shelled coaxial heterostructure. This implies that our structure design is reasonable for high photon-generated carrier separation efficiency and the relatively high growth quality of core and shells layers.
To further verify type I and type II emissions and photon-generated carrier separation efficiency of the coreshelled nanowires, TR-PL measurements were performed at RT. Fig. 5 shows the decay traces extracted from the TR-PL results of the ZnO/ZnS x Se 1Àx /ZnSe, ZnO/ZnS x Se 1Àx and pristine ZnO nanowires. The electron lifetimes, related to inter-band direct recombination in the ZnS x Se 1Àx layer in the ZnO/ZnS x Se 1Àx /ZnSe double-shelled coaxial heterostructure (green line) and single-shelled coaxial heterostructure ZnO/ZnS x Se 1Àx (red line), are 85 ps and 66 ps, respectively. However, the decay times of 2.38 eV peak (the recombination of the spatially separated e-h pairs, electrons in ZnO, holes in ZnS x Se 1Àx ) of the ZnO/ZnS x Se 1Àx /ZnSe and ZnO/ZnS x Se 1Àx structures reach up to 1.6 ns and 3.3 ns, respectively. These lifetimes are two orders of magnitude longer than those of inter-band direct e-h recombination of ZnS x Se 1Àx layer and three order of magnitude longer than that of the excitons in ZnO nanowire (black line in Fig. 5 ), which is shorter than the resolution of the equipment (10 ps). Longer carrier lifetime further confirm that the strong 2.38 eV peak, as shown in Fig. 3(a) , originates from the recombination of spatially separated e-h pairs. These results clearly indicate this double-shelled coaxial nanostructure has a typical type II band feature and possesses high photogenerated carrier separation efficiency. In type II band structure, due to spatially indirect of e-h pairs, their wave function overlap is lower than the direct e-h pairs. As a consequence, the lifetime of spatially indirect e-h pairs is much longer. 9, 36 Therefore, the long decay time of 2.38 eV PL peak is in accordance with its assignment to spatially separated e-h pairs near the interface between ZnO and ZnS x Se 1Àx . Through systematic PL and TR-PL studies on ZnO/ ZnS x Se 1Àx /ZnSe double-shelled nanowires, all emission peaks of the core and two shells in the ZnO/ZnS x Se 1Àx /ZnSe nanowire are explicitly assigned and the typical features of type II structure, i.e., the emission of the spatially separated e-h pairs, are found and confirmed by both of the blue shift by variable excitation power PL and the long carrier lifetime measured via TR-PL. Our study clearly indicates that the ZnO/ZnS x Se 1Àx /ZnSe double-shelled coaxial heterostructures have the great merits of significant enhancement of visible light absorption, effective charge separation and transfer, improved PEC properties than single-shelled coaxial nanowire nanostructure, and low irradiative recombination center densities as well. Those are the key factors to achieve high energy conversion efficiency for solar cells.
In summary, we demonstrated an effective three-step CVD method to synthesize ZnO/ZnS x Se 1Àx /ZnSe doubleshelled nanowires as photoelectrodes. SEM and TEM results explicitly indicate the double-shelled structure has clear interface between each of ZnO, ZnS x Se 1Àx , and ZnSe. PEC measurements show the photocurrent is greatly enhanced step-by-step from pristine ZnO, ZnO/ZnS x Se 1Àx core/shell, to ZnO/ZnS x Se 1Àx /ZnSe double-shelled photoelectrodes. The reason is attributed to more efficient absorption of visible light because of the introduction of double shells and improvement of quantum efficiency due to their type-II band alignment. Furthermore, to better understand the behavior of photoexcited carriers, detailed analysis of PL and TR-PL spectra of ZnO/ZnS x Se 1Àx /ZnSe double-shelled structure under various conditions is presented. The typical features of type II band alignment, i.e., the emission of the spatially separated electron and hole (e-h) pairs are found and confirmed by both of the blue shift under variable excitation power PL and the long carrier lifetime measured by TR-PL. In addition, a 2.38 eV peak, generally assigned to the defect related green luminescence band of ZnO, was found to be dominated by the recombination of the spatially separated e-h pairs in the type II core/shell structure. Our findings not only open an avenue for synthesis sophisticated core/shell nanowires but also pave a way towards improving PEC properties in nanostructures.
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